Climate Change and Human Health
===============================

Although low- and middle-income countries are responsible for only a small percentage of global greenhouse gas emissions, the adverse health effects associated with climate change will likely fall disproportionately on their populations. This inequity will further exacerbate global health disparities ([@b33-ehp-119-765]; [@b42-ehp-119-765]; [@b40-ehp-119-765]; [@b54-ehp-119-765]). High-risk areas include those already experiencing a scarcity of resources, environmental degradation, high rates of infectious disease, weak infrastructure, and overpopulation ([@b39-ehp-119-765]; [@b54-ehp-119-765]). In particular, tropical regions will experience significant changes in human--pathogen relationships because of climate change ([@b45-ehp-119-765]). Changing temperatures and precipitation patterns linked to climate change will further affect health by changing the ecology of various vector-borne diseases, such as malaria, dengue, chikungunya, Japanese encephalitis, kala-azar, and filariasis ([@b6-ehp-119-765]; [@b11-ehp-119-765]). Vulnerable populations include the elderly, children, urban populations, and the poor ([@b16-ehp-119-765]; [@b36-ehp-119-765]).

The goals of this report are to briefly summarize relevant literature and highlight the enormous challenges and opportunities for innovative research, with a particular focus on India. Such research is needed to pave the way for unique and pioneering solutions that can improve public health in the face of increasing climate variability. Therefore, we review the current state of the science relevant to the 2009 Joint Indo--U.S. Workshop on Climate Change and Health that was held in Goa, India, and then discuss the observed relationships between climate variability and human health, specifically in relation to the Indian subcontinent, highlighting future research directions.

Potential health impacts discussed at the Goa workshop fell into three categories: heat stress and air pollution, waterborne disease, and vector-borne disease focusing on malaria. Additional crosscutting sessions covered climate modeling and predictions for India, adaptation and vulnerability, surveillance and early warning systems, integration of spatial analysis, and bridging policy and science. We acknowledge that the potential physical and social impacts of climate change in India will likely be diverse, and that many additional important factors were not covered in our workshop, such as food yields, malnutrition, child growth, river flow, monsoon rain patterns, and freshwater availability. Nevertheless, we believe the Goa workshop served to target many of the major public health concerns associated with climate change and began the process of conceptualizing research needs and approaches that are integrative and achievable in low- and middle-income countries.

Impacts in India
================

The 2009 Joint Indo-U.S. Workshop on Climate Change and Health
--------------------------------------------------------------

The workshop was held in Goa, India, on 30 August through 2 September 2009; it was cosponsored by the University of Michigan's Center for Global Health, the U.S. Centers for Disease Control and Prevention's National Center for Environmental Health, and the Indian Council of Medical Research. Scientists from the cosponsoring institutions, along with other partners from academia, government, and nongovernmental organizations, met under the auspices of the existing Indo-U.S. Collaboration in Environmental and Occupational Health to discuss the current state of the science, identify gaps in understanding, and outline future research directions related to the human health effects of climate change in India. The focus was prediction and prevention in India, and discussions touched on the tremendous opportunities and significant challenges associated with designing, initiating, and conducting research, as well as pursuing related public health programming to improve public health infrastructure in the face of climate change.

The scope of the problem and current research
---------------------------------------------

### Poverty and baseline vulnerability

Many of the predicted effects of climate change are likely to become a reality in India. India is very diverse, geographically, climatically, and culturally ([Figure 1A](#f1-ehp-119-765){ref-type="fig"}). It represents one-sixth of the world's population, supported on 1/50 of the world's land and 1/25 of the world's water ([@b47-ehp-119-765]). With its huge and increasing population (\~ 1.2 billion) and rate of urbanization, India is undergoing enormous change; climate change poses an overwhelming stressor that will magnify existing health threats. A greater understanding of the relationship between climate variability and human health in a country such as India could aid in the development of new prevention strategies and early warning systems, with implications throughout the developing world. Future studies must work to more explicitly define the relationship between climate variability and emerging and reemerging infectious diseases such as dengue, yellow fever, cholera, and the chikungunya virus ([@b46-ehp-119-765]), as well as chronic diseases related to cardiovascular and respiratory illness, asthma, and diabetes. Millions of people below the poverty line and those in rural areas represent high-risk populations who are exposed to myriad health risks, including poor sanitation, pollution, malnutrition, and a constant shortage of clean drinking water. However, as awareness and public health infrastructure increase, the burden of climate-related disease may be negated ([@b12-ehp-119-765]).

### Waterborne infectious disease

The burden of waterborne disease in India is enormous ([Figure 1B](#f1-ehp-119-765){ref-type="fig"}). However, estimates vary widely because of a lack of reporting, poor surveillance, and minimal data infrastructure. A report from the Ministry of Health and Family Welfare estimates that nearly 40 million people are affected by waterborne disease every year that places a large burden on both the health sector and the economic sector. As a consequence, approximately 73 million workdays or US\$600 million are lost each year ([@b31-ehp-119-765]). Although the World Health Organization (WHO) estimates that 900,000 Indians die each year from drinking contaminated water and breathing polluted air ([@b53-ehp-119-765]), the Indian Ministry of Health estimates 1.5 million deaths annually among 0- to 5-year-old children. Cholera provides another example, with approximately 5 million cases reported by WHO each year; however, this estimate is thought to be a gross underestimation of the true burden of cholera because of a lack of surveillance and underreporting on the Indian subcontinent ([@b55-ehp-119-765]). Approximately 73% of the rural population in India does not have proper water disinfection, and 74% do not have sanitary toilets ([@b26-ehp-119-765]). Freshwater availability in India is also a concern; available water is expected to decrease from 1,820 m^3^ per capita to \< 1,000 m^3^ by 2025 in response to the combined effects of population growth and climate change ([@b25-ehp-119-765]).

Research in this area must be both temporally and spatially specific. Furthermore, it requires local monitoring of the appropriate climate and disease variables ([@b41-ehp-119-765]) because underreporting impedes the development of effective prevention strategies. It is critical to build a data infrastructure and conduct such research in India so that region-specific models based on climate and health can be developed. A systems approach focusing on health outcomes is critical to the success of future research in this area ([@b5-ehp-119-765]). As prediction models evolve, region-specific action plans and adaptation strategies can be developed.

### Heat stress and air pollution

The summer of 2010 was the hottest summer on record in India, with temperatures approaching 50°C (122°F); the effects were far-reaching, including hospitalization because of heatstroke, suffering of livestock, and severe drought in some regions that affected health as well as agriculture ([@b8-ehp-119-765]). Research linking temperature and health effects in India is sparse. However, in a study of 12 international urban areas that included Delhi, [@b34-ehp-119-765] found a 3.94% \[95% confidence interval (CI), 2.80--5.08%\] increase in mortality for each 1°C increase above 29°C. [@b21-ehp-119-765] reported that individuals in the 0- to 14-year-old age group had greater vulnerability to temperature increases in Delhi than did those in the 15- to 64-year-old age group or in the ≥ 65-year-old age group. These findings are in direct contrast with results from cities in Europe and the United States that consistently identify the elderly as the more vulnerable age group. [@b21-ehp-119-765] also found that harvesting (whereby increases in mortality on one day are followed by substantial decreases in mortality in subsequent days) accounted for almost all temperature-related mortality in London, whereas in Delhi, the increase in mortality due to high temperatures was not followed by an immediate drop in mortality. This suggests that in Delhi, individuals who died on days with higher temperatures were not already near death.

Limited work has been conducted on the combined effects of weather, climate variability, and increased air pollution in India ([@b1-ehp-119-765]; [@b28-ehp-119-765]). One study that investigated the effects of air pollution on respiratory disease found that emergency department visits increased by approximately 20% because of high levels of pollutants in Delhi ([@b37-ehp-119-765]). In a second study based in Chennai, India, [@b18-ehp-119-765] concluded that short-term exposure to particulate matter ≤ 10 μm in aerodynamic diameter (PM~10~) resulted in an estimated risk ratio of 1.0044 (95% CI, 1.002--1.007) per a 10 μg/m^3^ increase in daily average concentrations; this risk estimate is comparable to similar estimates from other countries. An important contribution of this study, relevant to other low- and middle-income countries, was the development of new methods to address specific limitations of routinely collected data such as missing measurements and small footprints of air pollution monitors, but the link to temperature remains to be explored. Some work has been done on seasonal air quality monitoring ([@b43-ehp-119-765]); however, the relationship of temperature, ozone, and health requires further investigation ([@b14-ehp-119-765]). Indoor air pollution presents yet another major health threat, with 32% of deaths in South Asia attributable to the burning of solid fuels in poor, small, unventilated houses ([@b49-ehp-119-765]; [@b51-ehp-119-765]). Whether these health risks will be exacerbated as a result of climate change is yet to be determined, but cobenefit interventions aimed at reducing the health impacts associated with indoor air pollution, decreasing the release of green house gases from the burning of solid fuel, and preventing deforestation by introducing alternative, more efficient stoves and fuels will have serious implications for health and society.

### Vector-borne disease

India has approximately 2 million confirmed cases of malaria per year ([@b29-ehp-119-765]). Like most infectious diseases, prevalence varies by region ([Figure 1C,D](#f1-ehp-119-765){ref-type="fig"}). Although WHO concludes that approximately 15,000 individuals die from malaria each year in India ([@b52-ehp-119-765]), a recent study by [@b13-ehp-119-765] estimates approximately 200,000 malaria deaths per year in India before 70 years of age and 55,000 in early childhood. As [@b13-ehp-119-765] suggest, accurate estimation of malaria mortality in India is difficult because correctly diagnosed episodes are successfully treated and do not result in death; in fatal cases without medical intervention, malaria is easily mistaken for some other life-threatening fever; and in most rural areas where death from malaria is common, proper medical attention at the time of death is uncommon. These challenges, which hold true in many developing countries, make it difficult to use hospital-based data to assess the association between climate variability and malaria, because disease burden may be vastly underestimated.

In India, 65% of malaria cases are reported from six regions (Orissa, Jharkhand, Madya Pradesh, Chattsgarh, West Bengal, and the North East). In Orissa, the disease has much more serious proportions than even in sub-Saharan Africa ([@b35-ehp-119-765]). A 2001 WHO report estimated the disability-adjusted life years lost because of all vector-borne diseases in the country to be 4.2 million, and malaria is believed to account for nearly half of this ([@b9-ehp-119-765]). The emergence and rapid spread of drug-resistant strains of malaria further compound the problem. Chloroquine used to be the drug of choice for all kinds of malaria and was highly prescribed in India until 1973, when resistance was detected in *Plasmodium falciparum*. Chloroquine is no longer as effective, with increasing reports of *Plasmodium vivax* developing resistance ([@b9-ehp-119-765]). In addition, the use of chloroquine, which selects against *P. vivax*, has allowed *P. falciparum* to become the dominant parasite ([@b48-ehp-119-765]), a pattern with important epidemiological consequences, because it is the most virulent form of malaria in the region.

In arid and semiarid regions of India, where malaria is epidemic, rainfall variability has been shown to drive the interannual variability of the disease ([@b4-ehp-119-765]; [@b7-ehp-119-765]; [@b30-ehp-119-765]) and was the basis of one of the first early-warning systems for the disease in this region. Evidence suggests that rainfall variability plays an important role and that a long-term trend in increasing temperature during the 20th century is sufficient to significantly increase the abundance of vectors ([@b38-ehp-119-765]). Monthly parasite incidence was positively correlated with temperature, precipitation, and humidity ([@b10-ehp-119-765]). The implications of this association as it relates to long-term climate change remain an important open question. For other regions of India, monsoonal rains have shown an increase in the frequency and magnitude of extreme rain events, whereas the frequency of moderate events has been decreasing, with no significant change in the mean in the last 50 years ([@b19-ehp-119-765]). Temperature plays a major role, especially at high altitudes, preventing epidemic malaria from spreading into the highest altitude regions. The consequences of climate change in highland regions is an important open question based on future temperature predictions in these regions (Beig G, unpublished data). Little is known about the influence of climate variability or climate change on the prevalence of malaria in Indian urban areas ([@b29-ehp-119-765]). The issue of urban malaria becomes even more important when considering the rapid expansion of urban and periurban environments, water storage techniques, and rising poverty levels.

The need for adaptation
-----------------------

Although adaptation to climate impacts has attracted substantial attention recently, the effectiveness of specific strategies in relation to greater resilience of public health systems remains underinvestigated. Adapting to climate change will be necessary and will occur at physiological, behavioral, social, institutional, and organizational scales. To take advantage of already ongoing adaptations for creating more effective public health responses to climate change impacts---especially for poor rural communities whose access to health care is extremely limited even in the current policy environment---developing a baseline understanding of the region-specific demographic, social, and ecological determinants of health will be necessary. In designing public health responses, factors that must be considered include the population's age structure, socioeconomic profile, baseline prevalence of climate-sensitive diseases, public awareness of risk, the built environment, existing infrastructure, available public health services, and autonomous responses to climate impacts on health that households and communities might undertake by themselves ([@b32-ehp-119-765]). Furthermore, adaptation strategies in response to climate variability and change must be designed on specific temporal and spatial scales relevant to India. Taking steps now to adjust to current climate variability and modifying existing programs to address the anticipated impacts of climate change will make future adaptation strategies more effective ([@b15-ehp-119-765]). The same changes may also aid in reaching additional environmental and social objectives, such as more equitable education, empowerment of women, and improved sanitation. These community-based initiatives should be complemented by government interventions. A variety of stakeholders, including those who will be affected most by climate change impacts, must be involved in the problem-solving process to enhance human and technical capacity across sectors at both local and national levels ([@b3-ehp-119-765]; [@b17-ehp-119-765]). Failure to invest now will likely increase the severity of consequences in the future ([@b20-ehp-119-765]).

Potential adaptation strategies in India could focus on controlling infectious diseases by removing vector breeding sites, reducing vector--human contact via improved housing, and coordinating monitoring of mosquitoes, pathogens, and disease burden. Another potential focus area for adaptation could be improving sanitation and drinking water by supporting inexpensive and effective water treatment and increasing rainwater harvesting, safe storage, and gray-water reuse. In some areas, the focus may shift to flood, heat wave, and emergency preparedness, including strategies to address the additional risks placed on displaced populations from these and other climate-sensitive hazards. One possible outcome could be the development of an integrated early warning system, emergency response plans, and refugee management plans, along with increased capacity to provide shelter, drinking water, sanitation, and sustainable agricultural products to the most vulnerable populations.

Current surveillance and data sources
-------------------------------------

Successful work in this area will require the health community to partner closely with climate scientists and development professionals to move beyond the assessment of climate variability and disease outcomes to predictive models accounting for climate change to facilitate targeted adaptation. Partnerships with both the government and nongovernment sector will also be necessary. An integrated disease surveillance system already exists under the director general of health services; any new work on climate change and health should be linked to the already existing system. The Energy and Resources Institute (TERI) in Delhi, India, is one example of such a group linking research and action by increasing awareness within India and sharing the "developing country" perspective on climate change with the rest of the world. Activities at TERI range from operating as a think tank at the local level to forging global alliances for collaborative research. Collaborative work is also being conducted at the National Institute of Malaria Research in partnership with Mercedes Pascual at the University of Michigan to assess the impacts of climate change on malaria and dengue at a national scale and to develop adaptation strategies. In addition, this same partnership is developing an evidence-based assessment of biophysical determinants affecting malaria in the northeastern states of India and a framework for malaria control under changing climate scenarios. Several other nongovernmental organizations are working on climate change in India, such as the Local Governments for Sustainability with a regional office in New Delhi; Resources for the Future, which is partnering closely with the Public Health Foundation of India; and Toxics Link, which is working on traditional environmental health with a new focus on climate change.

Retrospective studies investigating climate variability and health dominate the literature, leaving predictive and prospective studies related to climate change open to be explored. However, both prospective and retrospective studies need high-quality data. Working groups at the Goa workshop were able to identify existing and relevant long-term data sets that can be used for environmental epidemiological analysis. For example, both the Indian Institute of Tropical Meteorology ([@b24-ehp-119-765]) and the [@b23-ehp-119-765] have useful meteorological data with varying degrees of access. Additional government surveys such as the Census of India and the National Family Health Survey, India provide important information on social and economic variables. In some cases, individual investigators have accessed government hospital data sets and have daily all-cause mortality, albeit over a limited geography. The same goes for air pollution data, such as data on particulate matter (PM), which have been accessed at certain locations of interest, such as Chennai ([@b18-ehp-119-765]). The use of exposure and emission models can help to fill in where air pollution data are missing; however, consistent monitoring of PM, ozone, and nitrogen oxides over a greater geographic area is needed. In cases where the data already exist, more work is needed to identify and access this type of long-term data, creating uniform repositories. In cases where it does not exist, surveillance and monitoring of relevant variables will be critical to the success of future prospective climate and health research endeavors. Furthermore, regional climate models for India such as PRECIS (Providing Regional Climates for Impacts Studies) developed at the IITM must be integrated with health data if we are going to transition away from surveying the health effects associated with climate variability to predicting the effects of climate change.

Changes to the current information infrastructure needed for this effort will depend on new or enhanced collaborations across multiple disciplines and among diverse institutions. Given the region-specific nature of the relationship between climate variability and health, further research is required throughout India. Satellite and geospatial technology may provide new insights regarding the geographic distribution of risk and disease. Integration of social, demographic, and land cover data with health data will aid in describing a holistic health scenario, which will help identify sustainable health solutions. These research needs and methodological limitations are relevant to many low- and middle-income countries. India, with its current health infrastructure and large population, can serve as an important natural laboratory for developing relevant strategies for promoting and managing climate health research in the developing world.

Recommendations
===============

As a result of the Goa workshop and subsequent discussions, the following recommendations to advance research relevant to climate change and human health were proposed.

Environmental monitoring and surveillance
-----------------------------------------

There is a great need to improve environmental monitoring and surveillance systems in low- and middle-income countries such as India. New research initiatives should focus on collecting high-quality, long-term data on climate-related health outcomes with the dual purpose of understanding current climate--health associations and predicting future scenarios. Health outcomes of interest, for which such data should be collected, include total morbidity and mortality and noncommunicable diseases such as cardiovascular, respiratory, and circulatory diseases and asthma, as well as infectious diseases such as cholera, malaria, tuberculosis, typhoid, hepatitis, dysentery, tick-borne encephalitis, and other vector-borne and waterborne diseases. Such monitoring also requires the collection of appropriate climatic (e.g., temperature and precipitation) and nonclimatic data (e.g., ozone). Surveillance of extreme weather conditions and risk indicators such as mosquito abundance or pathogen load is also necessary. Such data gathering should occur in conjunction with already existing public health programs and health centers. Where the necessary public health infrastructure does not exist, the anticipated risks associated with climate change should motivate international action to build such infrastructure. The collection of such diverse data necessitates the creation of linkable and documented repositories for meteorological, air pollution, and health data. Such a virtual network, or clearinghouse, will help researchers as well as practitioners as they work toward defining climate--health associations and designing effective interventions. Such monitoring provides the information and feedback necessary to take action in response to the anticipated changes in climate and burden on the public health infrastructure.

Geospatial technology
---------------------

Geographic information systems and spatial analysis must be further developed; they are very useful tools when conducting vulnerability assessments, assessing environmental exposures, prioritizing research, and disseminating findings to decision makers and the public alike ([@b27-ehp-119-765]). Remote sensing and environmental monitoring are particularly useful to catalog variables such as air pollution and heat exposure. Social data from census and surveys, which can be layered with the exposure data using geographic information systems, provide information on sensitivity and adaptive capacity, at both individual and community levels. Data on land use and land cover can provide additional information on relevant environmental factors that influence risk and vulnerability.

Such a spatial information infrastructure provides the necessary data-integration framework to combine information on human--environment interactions from a variety of sources. Vulnerability assessments can be conducted spatially and temporally through integration of such social and environmental data. Risk maps can incorporate social and ecological risk factors in an attempt to characterize the existing spatial heterogeneity. This is a very effective tool when predicting prevalence, targeting resource distribution, and designing control programs for different infectious diseases such as malaria ([@b2-ehp-119-765]; [@b22-ehp-119-765]; [@b44-ehp-119-765]; [@b50-ehp-119-765]). An example of such work, which grew out of the Goa workshop, will focus on the effect of socioeconomic status on the association between climate and malaria.

Human and technical capacity
----------------------------

For these new surveillance methods and analytical techniques to be effective, countries like India will need to enhance their human and technical capacity for risk communication. This could take the form of public education on climate change and associated health impacts to enhance awareness and to influence lifestyle, behavior, and individual choices to protect and improve health. Such health promotion materials could manifest as low-tech flyers and advertisements as well as more high-tech materials including web-based and mobile-phone--based alerts. On the other end of the spectrum, developing capacity could take on a more holistic approach, such as region- and city-specific climate action plans and early warning system for heat stress events, droughts, hurricanes, and floods.

Conclusions
===========

Studies of climate variability and human health indicate a great deal of heterogeneity in the reported associations. This heterogeneity is partially due to differences in study design, but climatic and socioeconomic differences that vary by location also influence the burden of disease. It is not clear whether results from one region can be extrapolated to others. Therefore, it is important to develop a comprehensive catalog of climate change and associated health outcomes across the range of environments and populations likely to be affected. A better understanding of the effects of climate change on health in India will be best achieved through studies specific to climates and populations in India.

In 2008 India developed the National Action Plan on Climate Change, promising further enhancement of ecological sustainability as part of India's development path, signaling their involvement in the international discussion on climate change. Countries like India have a tremendous opportunity to guide our future trajectory regarding sustainable development and adaptation to climate change, but it will take the combined effort of policy makers and scientists from around the world to address the complex challenges associated with climate change and human health.

In conclusion, innovative, multidisciplinary investigations using environmental epidemiologic methods to elucidate health risks posed by climate variability---and subsequent climate change---in regions such as India are possible. However, such work will require expanded partnerships among researchers, governments, and communities to develop a cobenefit strategy that addresses public health challenges and risks associated with climate change. Adoption and implementation of these research initiatives will provide the necessary tools and infrastructure to pose interesting scientific questions and design effective solutions to the complex issues imposed by climate change.
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